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Studies on the fate of Group A streptococci following phagocytosis have re- 
vealed that  the ingested  streptococci are  gradually  degraded  and  lose  their 
serological reactivity with Group A antisera (1, 2).  1 In the present studies, the 
possibility is explored that this degradation is enzymatic in nature and that the 
loss of serological  reactivity is due to the action of an intraphagoeyfic O-N- 
acetylglucosaminidase.  This  is  suggested  by  the  fact  that  a  /3-N-acetylglu- 
cosaminidase  produced by a soil bacillus has been shown to destroy the serologi- 
cal reactivity of isolated Group A streptococcal carbohydrate (3). 
The presence of/3-N-acetylglucosaminidase activity in mammalian tissue has 
been reported by several investigators  (4-6).  Sellinger  and his coworkers (7) 
and Conchie  and Hay (8) studied the intracellular distribution of this enzyme 
in various tissues.  They concluded that  the enzyme was particle bound,  al- 
though the binding varied in degree and pattern within various  tissues.  As with 
other lysosome-associate enzymes, tissue/3-N-acetylglucosaminidase exhibited 
the  characteristic  latency and  had  an  acid  pH optimum  (7-9).  While /3-N- 
acetylglucosaminidase activity has also been reported to occur intracellulafly 
in various bacteria and protozoa (6,  10), it has been found extracellularly in 
culture supernates of a  soil bacillus (3)  and of Diplococcus pneumoniae  (11). 
The soluble enzyme obtained in such preparations  exhibited no latency and 
had a higher pH optimum than the mammalian intracellular enzyme. 
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The  present report deals with the occurrence d  13-N-acetylglucosaminidase 
activity in mammalian  phagocytic cells. Certain properties  of the enzyme have 
been  defined  and  compared  with  those  of  the  extracellular  ~-N-acetylglu- 
cosaminidase derived from the soil bacillus, with special reference to the action 
of the enzymes on the Group A  streptococcal carbohydrate. 
Materials and Metkods 
Preparation o/the p-Nitrophenyl ~-N-Acetylglucosarainide Substrate--~-pentacetylgluco- 
saminide was prepared by the method of Westphal and Holzmann  (12). The p-nitrophenyl- 
glucosaminide synthesis was  carried  out  from  the /3-pentacetylglucosaminide through the 
intermediate preparation of acetochloro-glucosamine  as described by Leaback and Walker (13). 
Preparation of Group A  Streptococcal Pdysacckaride--The cells from  18  hr cultures of 
Group A streptococci were centrifuged and washed, and cell walls were obtained by disrupting 
with glass beads in a Mickle disintegrator using the technique of Salton and Home (14) or in 
a Braun homogenizer using the technique of Bleiweis et al. (15). The cell walls were digested 
with trypsin for 4 hr at 37°C,  washed three times with distilled water, and lyophilized from 
the frozen state. The cell wall mucopolysaccharide fraction was solubilized by the action of 
the muralytic enzyme derived from Streptomyces albu* (3). This preparation of polysaccharide 
was used as the substrate in all experiments unless otherwise specified. In experiments where 
the carbohydrate fraction devoid of the mucopeptide was used,  extraction was carried out 
with hot formamide by the method of Fuller (16). 
Estimation of ~-N-Acetylglucosaminidase Activity--The  activity  of  the  various  enzyme 
preparations was estimated by the method of Woollen et al. (17) using 0.1 ml of the enzyme 
preparation, or a  dilution thereof, in 1 ml of the citrate buffer at the appropriate  pH, con- 
taining the substrate at 3.6 mM concentration. The reaction mixture was incubated for 30 
rain at 37°C and stopped by the addition of 2 ml 0.2 M borate buffer, pH 9.8. Appropriate 
controls and  standards  of  p-nitrophenol were  included.  The  liberated  p-nitrophenol was 
estimated by reading the samples at 400 m/~ in a Beckman spectrophotometer. Assay for free 
N-acetylglucosamine using the method of Reissig et al. (18) showed that equimolar amounts 
of N-acetylglucosamine and p-nitrophenol were released by the enzyme from the substrate. 
In most experiments, the relative activity of the various enzyme preparations was calculated 
in terms of #g of p-nitrophenol released from the glucosaminide substrate under the above 
conditions of assay. In the experiments for determing Vm~x of the different preparations, an 
arbitrary unit of enzyme was chosen as that amount of the enzyme which liberated 1/~mole 
of p-nitrophenol from the substrate under the conditions outlined above. 
In determining the activity of the enzyme on the streptococcal polysaccharide, the libera- 
tion of free N-acetylglucosamine in  the reaction mixture was used  as  the measure of  the 
enzymatic activity, with the polysaccharide substrate at 1-3 m~ concentration computed on 
the basis of N-acetyl hexosamine content. 
Buffers--In most of the experiments with phagocytic enzymes, 0.05 ~t citrate, pH 4.3-4.5, 
with 0.1 M NaCI and 0.01% BSA (bovine serum albumin), was used. The addition of saline 
and BSA to citrate was based on the requirement of these agents for optimal activity of tissue 
/3-N-acetylglucosaminidase (19).  The soil bacillus enzyme was assayed in 0.05 ~r citrate, pH 
6.1 buffer with added  0.1  M NaC1. 
Human Leukocytes--Heparinized blood ws obtained from donors and  the  red  cells sedi- 
mented by the addition of dextran sulfate at a  final concentration of 2%. After 45 min of 
sedimentation at  room  temperature,  the leukocytes were  separated  from  the  supernatant 
plasma by eentrifugation at 150 g for 10 min. The cells were washed in saline and resuspended 
at an appropriate concentration in saline. ELIA M. AYOUB  AND  MACLYN  ~cCARTY  835 
Rabbit  Polymorpttonuclear Leukocytar--Glycogen-induced  peritoneal  exudates  were  pre- 
pared by the technique of Cohn and Hirsch  (20). The exudate was centrifuged, the pellet 
washed with saline, and the leukocytes suspended in saline. 
Rabbit Alveolar Macrophages--Alveolar  macrophages were obtained from rabbit lungs by 
the modification of the method of Myrvik et al. reported by Co/an and Wiener (21). 
Release and  Activation  of Intracellular  Enzyme--Except for  the  experiments where  the 
intracellular distribution of the enzyme was investigated, enzyme activity was achieved by 
successively quick freezing and thawing of the cell suspensions six to eight times. Dilution of 
the frozen and thawed preparation in citrate buffer, pH 4.3, followed by centrifugation at 
200 g for 10 min to remove the cell debris, showed that about 90% of the enzymatic activity 
was present in the supernatant fraction. All preparations were stored in the frozen state at 
--70°C until further use. 
Preparation of fl-N-Acetylglucosaminidase from Soil Bacillus---This  enzyme was prepared 
as described by McCarty (3). 
Ckromatography on G-200 Sephadex--Portions  of  the samples partially purified  ay am- 
moninm sulfate fractionation were dialyzed against citrate buffer overnight and concentrated 
in a  collodion bag under vacuum. Samples volumes of 0.5 ml were applied on a  column of 
G-200 Sephadex, dimensions 110 X  1 cm,  equilibrated with the citrate buffer. Elution was 
carried out with the same buffer and 1-1.5 ml samples collected. 
Analytical  Methods--Protein  was  estimated  by  the method  of Lowry  et al.  (22)  using 
bovine serum albumin as a standard. 
Hexosamine was determined by the method of Rondle and Morgan (23). Determination of 
total bound glucosamine of the polysaecharide was carried out after hydrolysis of the samples 
in 2 ~ HC1 for 4 hr at 100°C  in a sealed ampule. Determination of free N-acetylglucosamine 
was  performed  by  the method  of  Reissig,  Strominger,  and  Leloir  (18).  All  samples were 
neutralized and brought to a known dilution prior to assay. 
In some experiments where 1-5 #g of the sugar was to be assayed, a microtechnique was 
adapted by decreasing the volumes of all samples and reagents to one-fifth the amounts used 
in the original test. 0.02 ml of tetraborate was added to 0.1 ml of the sample to be tested in  a 
tube 100 X  7.5 ram. The sample was centrifuged at 150 g for 5 rain and the tube sealed. After 
3 rain in a boiling water bath, the tube was cooled, recentrifuged, the seal broken, and 0.6 ml 
of  the p-dimethylamino-benzaldehyde reagent added.  Samples were placed at 370C  for 20 
rain, cooled and read at 585 m/~ in semi-microcuvettes, 0.5 ml capacity with a  1 cm light path. 
Immunological  Studies--Rabbit  antisera reactive with Group A  and A-variant polysac- 
charides were prepared as previously described (24). Qualitative precipitin studies were carried 
out by the capillary precipitin technique (25). Quantitative precipitation of the streptococcal 
polysaccharide with the  Group A  and A-variant antisera were performed  by  the method 
described by McCarty and Lancefield (24). Controls for the different reagents used in the test 
were included in each determination. 
EXI~E]~  rM~.NTAL 
Intracellular  Distribution  of  Phagocytic  O-N-Acetytglucosaminidase.--The 
intracellular localization  of/3-N-acetylglucosaminidase activity  was studied in 
human  leukocytes, rabbit peritoneal  exudate  polymorphonuclear leukocytes, 
and  rabbit alveolar macrophages.  Using the differential  centrifugation  tech- 
nique of Cohn and I-Iirsch (20), it was found that  in polymorphonuclear leu- 
kocytes approximately  40%  of  the  activity  was  associated  with  the  400  g 
sediment (nuclear fraction) and 40 % with the 8500 g supemate. Studies on the 836  INTRAPHAGOCYTIC ~-N-ACETYLGLUCOSAMINIDASE 
alveolar macrophage were performed by the technique of Cohn and Wiener (21) 
with  one  modification  which  consisted  of  re-centrifuging  the  homogenized 
suspension at 150 g for 5 rain to remove the nondisrupted cells.  This additional 
step was necessitated by the finding that about 50 % of the macrophages failed 
to disrupt with homogenization. The distribution  of the enzyme in the super- 
TABLE I 
Purification of ~-N-Acetylghwosaminidase from Rabbit Lung Macrophages by Ammonium 
Sulfate Fractionation 
Fraction  Total protein  Total activity  Specific activity 
~ng  units  uniSs/mg  protein 
Untreated  250.0  950  X  I0 a  3,800 
Ammonium sulfate precipitate:  44.5  888  X  103  19,800 
35-55% saturation 
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FIG. 1. Elution patterns of various/~-N-acetylglucosaminidases  on G-200 Sephadex. 
natant suspension showed that 12 % of the activity was associated  with the 500 
g  pellet  (nuclear fraction),  60%  associated  with  the  "15 g" pellet  (15,000  g 
sedimentable fraction), and 26% was present in the "15 g" supernatant.  These 
distributions are similar to those reported for hydrolases in rabbit polymorpho- 
nuclear leukocytes  and  alveolar macrophages  (21)  and for/3-N-acetylglucos- 
aminidase in other tissues (7, 9). 
The levels of enzymatic activity in leukocytes obtained  from human blood 
and rabbit peritoneal  exudate  were  in  the  same  range,  the extract  obtained ELlA M. AYOUB  AND MACLYN  McCARTY  837 
from 10  X  10  e cells yielding an average of 100 units of enzyme. The level of 
enzymatic activity in alveolar macrophages was  about lO0-fold higher than in 
the leukocytes, compared on the basis of cell count, with an average of 10,000 
units  derived from 10  X  106 macrophages. 
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FIG. 2. Effect of pH on activity of ~-N-acetylglucosaminidase  derived from rabbit lung 
macrophages. The curves (a, b, c) refer to three different preparations of enzyme tested. 
Comparison of Properties of the O-N-Acetylglucosaminida~es.-- 
Fractionation studies:  Ammonium  sulfate fractionation  of soluble  prepara- 
tions of the leukocytic and macrophage enzymes revealed that precipitation of 
the  activity was essentially complete at 55 %  saturation.  In the case of  the 
macrophage enzyme, for example, 95 % of the activity was precipitated between 
35 and 55 % saturation with a fivefold increase in specific activity (Table I). In 
contrast to these findings with the phagocytic enzymes, very little of the enzyme 
derived from the soil bacillus was precipitated at 55 % saturation. It was neces- 838  INTRAPHAGOCYTIC ~-N-ACETYLGLUCOSAMINIDASE 
sary to bring the saturation to the 75 % level in order to precipitate all of the 
enzyme. 
The phagocytic enzymes also differed sharply from the soil bacillus enzyme 
in their behavior on Sephadex G-200 columns. These studies were carried out 
with ammonium sulfate fractions of the enzymes dialyzed against citrate buffer. 
With enzymes from human and rabbit leukocytes as well as that from rabbit 
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FIO.  3.  Effect of  pH  activity of /~-N-acetylglucosaminidase derived  from human poly- 
morphonuclear leukocytes. 
alveolar macrophages, a single peak of enzymatic activity was obtained at 41- 
42 ml of elution volume with citrate buffer at pH 4.3. The macrophage enyzme 
showed a peak at the same position at pH 6.1.  With the soil bacillus enzyme, 
the peak occurred at 51-52 ml of elution volume. Fig. 1 illustrates the elution 
patterns obtained with representative enzyme preparations. 
These findings suggest that the enzymes extracted from the different phago- 
cytic cells have a  similar molecular size and that  the soil bacillus enzyme is 
substantially smaller. 
Effect of pH: The effect of pH on the activity of the unpurified enzyme de- ELIA  M.  AYOUB  AND  MACLYN  McCARTY  839 
rived  from  human  polymorphonuclear leukocytes and  that  of  the  alveolar 
macrophage  enzyme  obtained  by  ammonium  sulfate  fractionation,  on  p- 
nitrophenyl fl-N-acetylglucosamln]de is illustrated in Figs. 2 and 3. In citrate 
buffer, an optimum pH of 4.0 was obtained for both enzyme preparations, with 
the macrophage enzyme showing a  secondary peak at  pH 4.75-5.0.  The oc- 
currence of a similar secondary peak at pH 4.7 with the ram testes fl-N-acetyl- 
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Fro. 4. Effect of pH on activity of ~-N-acetylglucosaminidase  derived from soil bacillus. 
glucosaminidase was observed by Woollen et  al.  (17).  While this  ~condary 
peak was obtained by Woollen when albumin was omitted from the assay mix- 
ture, the peaks obtained in our experiments occurred in the presence of added 
albumin. This pH optimum, which is characteristic of most mammalian lyso- 
somal enzymes, contrasts with the higher pH optimum obtained for the soil 
bacillus/~-N-acetylglucosaminidase (Fig. 4). 
Effect of time of incubation: The effect of varying periods of incubation on the 
hydrolysis of p-nitrophenyl O-N-acetylglucosaminidase is shown in Fig. 5.  The 
enzyme preparations used consisted of unpurified extracts of human leukocytes, 
rabbit  peritoneal  polymorphonuclear  exudates,  and  rabbit  alveolar  macro- 840  INTRAPHAGOCYTIC ~-N-ACETYLGLUCOSAMINIDASE 
phages.  All  three  preparations  show  a  linear  proportionality  of  released  p- 
nitrophenol with time up to 1 hr, with a  gradual decline occurring thereafter. 
This  behavior  is  similar  to  that  reported  previously  for  #-N-acetylglucos- 
aminidases  derived  from other  sources  (9). 
Effect of substrate  concentration  on  enzyme activity:  The  effect of  substrate 
concentration  on  the  rate  of  hydrolysis  of  p-nitrophenyl  /~-N-acetyl- 
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Fio. 5. Hydrolysis of p-nitrophenyl/~-N-acetylglucosamine  by phagocytic cell/~-N-acetyl- 
glucosaminidases at various periods of incubation. 
glucosaminidase was measured at pH 4.3 for the human leukocytes and rabbit 
alveolar macrophage enzyme and at pH 6.1  for the soil bacillus enzyme. The 
K,, and V~  values obtained for this substrate on various preparations of the 
enzyme are listed  in  Table II. Values  for the  Michaelis  constant  (K,,)  and 
theoretical  maximum  velocities  (V~)  were  determined  by using  the  Line- 
weaver  and  Burk method  (26)  (Fig.  6).  The unit  of enzyme used here was 
defined as that amount of enzyme that liberates 1/zmole of p-nitrophenol from 
3.6  InM  of  the  p-nitrophenol  /~-N-acetylglucosaminide  substrate  in  30  rain ELIA  M.  AYOUB  AND  MACLYN I~cCARTY  841 
under the set conditions of the test outlined above. Three different preparations 
of rabbit alveolar macrophages were used in the four determinations and the K= 
and V~  determinations were performed again on the same preparations after 
they were purified by fractionation on G-200 Sephadex. No appreciable change 
in K= or in  Vm~ values are seen after purification of the ammonium sulfate 
fractionated preparations of the enzyme on G-200 Sephadex. 
The three different preparations listed in Table II as A, B, and C for the soil 
bacillus were obtained under different conditions. Preparation A was a 2-yr-old 
preparation, kept in storage under 75 % ammonium sulfate in the frozen state, 
which showed progressive loss of activity during the period of study. Prepara- 
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Fro.  6. Effect of different substrate concentrations on the rate of hydrolysis of p-nitro- 
phenyl ~-N-acetylglu¢osamine by en~.yme from  soil bacillus and  rabbit lung macrophage. 
tions B and C were obtained from the same culture. Preparation B was the 75 % 
ammonium-saturated fraction of the supernate of the induced enzyme prep- 
aration. Preparation C was obtained by suspending the bacterial sediment ob- 
tained above in citrate buffer pH 6.0 and incubating the suspension at 37°C 
for 18 hr. The mixture was then centrifuged, the supernatant saturated to 75 % 
with  ammonium  sulfate  and  kept overnight at 4°C.  Mter  centrifugation at 
12,000 g for 30 rain, a yellowish "float" was obtained on the supernatant which, 
when assayed,  was  found to contain 30%  of the enzyme activity, with  the 
remaining  activity in  the  precipitate.  The precipitate  and  "float"  fractions 
were combined, dialyzed, and concentrated under vacuum and used in the tests. 
While the  Vm~ values are similar on all the preparations,  the K,~ values ob- 
tained are different with each preparation used. Because of the limited amounts 
of enzyme available in each preparation, the determinations on the 75 %  am- 842  INTRAPHAGOCYTIC  ~-N-ACETYLGLUC0  SAMINIDASE 
monium  sulfate  fractions  were  performed  only  once  and  no  purification  of 
preparation A was performed. Again no appreciable changes are seen in the K,~ 
preparations before and after purification on G-200 Sephadex. 
Effect  of various  ions on enzyme  activity:  The addition  of  Ca  ++,  Mg  ++,  and 
sulfhydryl radicals, in the form of glutathione or mercaptoethanol,  at 0.001  ~s 
concentration did not alter the activity of the enzyme from human leukocytes 
or rabbit alveolar macrophages.  EDTA at 0.001  M concentration resulted in a 
25 %  decrease in activity. While maximal enzymatic activity was obtained in 
TABLE II 
Km and V,~a, Values of Various I3-N-A  cetylglucosaminidase Preparations  for 
p-Nitrophenol-~-N-A cetylglucosaminicle Substrate* 
Source and purification of enzyme 
Alveolar macrophage 
35-55% (NI-I4)  2504 
Alveolar macrophage 
G-200 Sephadex 
Soil bacillus§ 
Prep. A: 75% (NH4)2SO4 
Prep.  B: 75% (NH4)2SO4 
Prep.  B: G-200 Sephadex 
Prep. C: 75% (NH4)2SO4 
Prep.  C: G-200 Sephadex 
No. of 
determin- 
ations 
K,,~ (rim -4-  ss) 
4  1.35  ±  0.16 
1.03  ±  0.10 
1.04  4-  0.02 
0.59 
0.45  ±  0.01 
0.12 
0.17  ±  0.01 
Vmax~ 
(umoles ± SE) 
0.87  ±  0.02 
0.94  4-  0.02 
0.29  4-  0.03 
0.29 
0.31  4-  0.01 
0.31 
0.30  +  0.02 
pH 
4.3 
4.3 
6.1 
* Tested at nine different concentrations  of substrate  with a range of 0.1-0.9 m~. 
Values given as/zmoles of substrate  hydrolyzed per unit enzyme per 30 rain: for defini- 
tion of enzyme used in this test see text. 
§ For details of preparations  A, B, and C see text. 
either citrate or pyridine buffers, 0.05 x~ at pH 4.3, acetate and succinate of the 
same molarity produced 30 %  inhibition of activity of the enzyme preparation. 
Comparison  of the activity of the N-acetylgIucosaminidases  on group A  strepto- 
coccal polysacckaride. 
Initial tests: The leukocytic and soil bacillus enzymes were assayed for enzymatic activity 
with p-nitrophenyl/3-N-aeetylglucosaminide  and  an amount containing  approximately  100 
units of enzyme was used in each test.  The enzymes were incubated  with 1 mg of soluble 
polysaceharide in 2 ml of 0.05 ~ citrate buffer, pH 4.3 for phagocytic enzymes and pH 6.0 for 
the soil bacillus  enzyme. Controls for the polysaccharide  and for  the enzyme preparations 
were included. 
Aliquots were removed at 0 hr and thereafter  at varying intervals of incubation,  neutral- 
ized, and brought with saline to a final dilution of 1:10 of the original mixture. The enzymatic ELIA  M.  AYOUB  AND  MACLYN  MCCARTY  843 
activity was destroyed by heating these dilutions for 10 min at 100°C. The samples were 
centrifuged to clarity and the supernatants tested for serological  reactivity with Group A and 
A-variant antisera by the capillary precipitin technique. AUquots of these supernatants were 
also tested for free N-acetylglucosamine. The percentage of N-acetylglucosamine released 
from the polysaccharide was computed on the basis of an assay of the total glucosamine of 
the polysaccharide present in the sample. 
The results  of the  serological tests and  the  liberated N-acetylglucosamine 
obtained with the alveolar macrophage and soil bacillus enzymes are presented 
in Table III. The preparation containing the macrophage enzyme, as well as 
preparations  containing  human  and  rabbit  leukocytic  enzyme,  showed  no 
TABLE III 
Effect  of Incubation  of ~-N-Acetylglucosaminidases  Derived from  Soil  Bacillus  and from 
Macrophage Cells on Serological Reactivity of Group A  Streptococcal Polysaccharide: 
Approximately 100 Units of Enzyme Incubated with 1 mg of Polysaccharide 
in 1 ml Buffer at 37°C 
Soil bacillus enzyme  Alveolar macrophage enzyme 
Time 
incubated  Serological reactivity*  Serological reactivity* 
~r 
0 
2 
4 
8 
24 
A  I  A-V 
6+  0 
4+  1+ 
3+  3+ 
1+  4+ 
0  5+ 
Liberated 
N-acetyl- 
glucosamine 
% total 
11 
44 
57 
69 
82 
A  [  A-V 
6+  0 
6+  l  0 
6+  0 
6+  0 
6+  0 
Liberated 
N-acetyl- 
glucosamine 
% total 
0 
0 
0 
0 
0 
* Reactivity of carbohydrate by capillary precipitin technique, at 0.1 mg/ml with strepto- 
coccal Group A  (A) and A-variant  (A-V) rabbit  antisera  after incubation with enzymes. 
alteration  of the antigenic reactivity of the polysaccharide over the 24 hr of 
incubation.  The lack of hydrolytic activity of this  amount of the phagocytic 
enzymes on thi~ substrate was confirmed by the absence of free N-acetylglu- 
cosamine in the samples tested. The activity of the enzyme derived from the 
soil bacillus is shown by the gradual alteration of the reactivity of the Group A 
polysaccharide  with  Group  A  antiserum  to  reactivity  with  the  A-variant 
antiserum, accompanied by a parallel release of free N-acetylglucosamine from 
the polysaccharide. 
Several possible explanations for the inactivity of the phagocytic enzymes 
were  considered,  and  experiments carried  out  in  an  effort to  enhance  their 
activity. An increase in the pH of the system (to pH 6.0 and 7.0)  had no effect. 
Similarly, the addition of EDTA or sulfhydryl compounds caused no increase 
in apparent activity. Treatment of the enzyme preparations with detergents, 
proteolytic enzymes, and neuraminidase was equally ineffective. Alteration in 844  INTRAPHAGOCYTIC ~-N-ACETYLGLUC  0 SAMINIDASE 
the  polysaccharide substrate  was also tried.  Preparations  of the  streptococcal 
polysaccharide made with Streptomyces  albus muralytic enzyme contain some 
of the cell wall mucopeptide which might conceivably interfere with enzymatic 
action. However, preparations made by hot formamide extraction which lack a 
mucopeptide component were also not attacked by the phagocytic enzymes. 
Tests at higher enzyme concentration: Preliminary studies  suggested that  the 
phagocytic enzymes might be capable of attacking  the streptococcal polysac- 
charide if much higher enzyme concentrations were employed. For this purpose 
ammonium sulfate concentrates of the more potent macrophage enzyme prep- 
arations were used. 
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Fro. 7. Relationship of time of incubation to release of N-acetylglucosamine from strepto- 
coccal polysaccharide  by macrophage enzyme. Results  obtained  using  10  ×  103  units  of 
enzyme/rag substrate. 
10 mg of polysaccharide were incubated with 100 X  103 units of enzyme in 1 ml of citrate 
buffer, pH 4.3, a ratio  of 10 X  103 units/rag of polysaccharide. Samples were removed at 
various intervals and the amount of free N-acetylglucosamine assayed. 
Fig. 7 shows the cummulative percentages of N-acetylglucosamine liberated 
at  this  concentration  of the  enzyme over a  24 hr period  of incubation.  This 
result was confirmed with varying concentrations of enzyme,  and  there was  a 
linear  proportionality  between  the  amount  of N-acetylglucosamine  released 
and enzyme concentration up to the level of 1000 units/rag  of polysaccharide. 
To test  the effect of release of N-acetylglucosamine by the macrophage  enzyme on the 
serological activity of the polysaccharide, 30 X  10  a units of enzyme were incubated with 1 mg 
of the polysaccharide in buffer, pH 4.5, over a period of 24 hr. Samples removed at  various 
intervals were neutralized, diluted with phosphate buffered saline, pH 7.4, to 0.2 mg of poly- 
saccharide/ml  and tested with both Group A and A-variant antisera by the capillary precip- 
itin technique. 
As shown in Table IV, no effect of the  enzyme on serological activity was 
detected  by  this  qualitative  test.  However,  quantitative  precipitin  studies, ELL%  M.  AYOUB  AND  MACLYN  MCCARTY  845 
recorded in  the  same  table,  indicate  that  some reduction in  reactivity with 
Group A antiserum occurred after 24 hr incubation. The hydrolytic release of 
approximately  17 %  of the  total N-acetylglucosamine of the  polysaccharide 
resulted in a slight but significant loss of precipitating potency. 
These data, together with the information on the kinetics of enzyme activity 
presented below,  suggested  that  at very high ratios of enzyme to substrate 
almost  complete degradation of the  polysaccharide could occur.  This possi- 
bility was  tested by incubating 650  X  108 units  of ammonium sulfate-frac- 
tionated macrophage enzyme with 0.15 mg of soluble streptococcal polysac- 
charide in 1 ml of 0.005 M citrate buffer with 0.15 M saline, pH 4.5. The low 
TABLE IV 
Quantitative Precipitin Test and  Total N-Acetylglucosamine Rdeased  Using 30  X  108  Units 
of Macrophage Enzyme per mg Polysaccharide 
Time 
incubated 
hf 
0 
2 
4 
8 
24 
N-acetyl- 
glucosamine 
released 
% total 
o 
4.0 
7.6 
9.0 
16.6 
Serological reactivity 
Capillary precipitation  Quantitative  precipitation* 
Antiserum  Antiserum 
A  A-V 
0.410 
0.405 
0.375 
0.360 
0.325 
A  A-V 
4+  0 
4+  0 
4+  0 
4+  0 
4+  0 
0.030 
0.030 
0.030 
0.020 
0.040 
* Estimate of antibody precipitated  with  Group A  (A)  and A-variant  (A-V)  antiserum 
as OD at 287 m/l. 
molarity d  citrate was used in this experiment in order to obviate the need for 
neutralization  and  dilution of  the  samples  in  the  process of  testing  for N- 
acetylglucosamine as well as for serological reactivity. This step was necessi- 
tated by the limited amount of enzyme available, the low amount of polysac- 
charide used in the test in order to keep this high ratio of enzyme to substrate, 
and the small volume that could be sampled in order to perform determina- 
tions at several intervals. Aliquots of 0.25 ml were taken at "0" hr, 5 hr, and 
18 hr. The test for liberated N-acetylglucosamine was performed by the micro- 
modification on 0.1  ml of the aliquot.  Preliminary tests showed that  at this 
molarity of citrate addition of tetraborate at a  ratio of 0.02 ml to 0.1  ml of 
buffer raised the pH of the sample  to 9.1.  Standards containing 2  /~g of N- 
acetylglucosamine  processed  by  this  method  gave  reproducible  readings. 
Quantitative  precipitin  tests  were  performed on 0.05  ml  of  the  mixture  to 
which 0.05 ml of ~/15 phosphate, pH 8, was added. The samples were quick- 846  INTRAPIIAGOCYTIC  ~-N-ACETYLGLUCOSAMINIDASE 
frozen  until  the  18  hr  sample was  collected,  then  all  samples were  assayed 
simultaneously  with  0.1  ml  of  Group  A  and  A-variant  antisera.  Capillary 
precipitin tests were performed on samples diluted to 0.1 mg of polysaccharide/ 
ml with phosphate-buffered saline. 
The results of this experiment are shown in Table V. As can be seen,  at this 
ratio of enzyme to substrate almost all of the available N-acetylglucosamine is 
TABLE  V 
Alteration of Reactivity of Group A Streptococcal Polysaccharide by Macrophage 
~-N-Acetylglucosaminidase  at a Ratio of 5 X  10  a Units of Enzyme per mg 
Polysaccharide 
Time 
incubated 
hr 
o 
5 
18 
N-acetyl- 
glucosamine 
released 
%total 
12 
64 
8O 
Serological reactivity 
Capillary precipitation 
Antiserum 
A  A-V 
6+  0 
4+  2+ 
0  4+ 
Quantitative precipitation* 
A  ntiserum 
A  A-V 
0.190  0.000 
0.155  0.015 
0.005  0.120 
* Estimate of antibody precipitated  with  Group A  (A)  and  A-variant  (A-V)  antiserum 
as  OD  at  287  m#. 
TABLE  VI 
K,~  and  V,.~  Values  of Alveolar Macrophage and Soil Bacillus  ~-N-Acetylglucosaminidases 
for the Streptococcal Polysaccharide Substrate 
Substrate  No. of 
Source of enzyme  pH  concentration determina-  Km (m~ ~  SE) 
range  tions 
mM 
Alveolar macrophage  4.3  0.4-2.0  4  17.4  4- 5.0 
Soil bacillus  6.0  0.1-0.5  8  0.135  4- 0.02 
Vmsx (~moles ±  sE) 
0.039  4-  0.004 
0.042  4- 0.007 
liberated after 18 hr, with complete alteration of the immunological reactivity 
of the polysaccharide from "A" to "A-variant" reactivity. 
Kinetics of activity of the enzymes  on the polysaccharide polymer as substrate: 
Determination  of K.,  and  Vm~ values for the  alveolar macrophage and  soil 
bacillus enzymes using varying concentrations of the polysaccharide as a  sub- 
strate was performed. The values obtained using the Lineweaver-Burk method 
(26)  are shown on Table VI. The K= value obtained for the enzyme derived 
from the soil bacillus with the streptococcal polysaccharide as a substrate is in 
the same range as that obtained with the p-nitrophenyl substrate.  However, ELIA  M.  AYOUB  AND  MACLYN  McCARTY  847 
the K~ value for the rabbit lung macrophage enzyme is significantly  higher 
with the polysaccharide than with p-nitrophenyl substrate and is 2 log higher 
than  the value obtained for the soil bacillus enzyme with the polysaccharide 
substrate. 
DISCUSSION 
The results of the present studies show that the fl-N-acetylglucosaminidases 
found in phagocytic cells share several of the  features  associated with  other 
hydrolytic enzymes found in  these cells.  The  enzymes derived from human 
leukocytes, rabbit  polymorphonuclear leukocytes, and  alveolar macrophages 
have  an  intracellular  distribution,  pH optimum,  particle-linked  latency,  and 
mode of release similar  to the other hydrolases associated with leukocytic and 
macrophage granules.  In turn, the/LN-acetylglucosaminidases of these phago- 
cytic cells appear  to be in the same class  as the ~-N-acetylglucosaminidases 
extracted from other mammalian tissue.  Apart from similarities  in the above 
features, K,~ values obtained for the macrophage enzyme are in the same range 
of the values obtained for the other mammalian  fl-N-acetylglucosaminidases. 
While minor differences  were observed amongst the three phagocytic fl-N- 
acetylglucosaminidases,  the differences  observed between these enzymes as a 
group and  the enzyme derived from the soil bacillus are more striking.  The 
latter  enzyme is essentially produced extraceUularly  as an inducible enzyme 
(3). It has a broader pH range of activity with an optimum at a higher pH. The 
K,, and Vm,~ values are lower with the p-nitrophenylglucosaminide substrate. 
The finding  of varying K,, values on the various preparations used, with Vm,~ 
values on these preparations being of the same magnitude, suggests the presence 
of a competitive inhibitor in the preparation with the higher  Km value. A pos- 
sible source of the inhibitor would be either the Group A carbohydrate or the 
phenyl fl-N-acetylglucosaminide  used for inducing the enzyme in these prep- 
arations. 
With respect to the possible role of the phagocytic enzymes on the degrada- 
tion of ingested streptococci, the differences revealed when the Group A poly- 
saccharide is used as substrate became paramount.  The kinetic data indicate 
that  the soil bacillus enzyme shows equal affinity for both the p-nitrophenyl 
and the polysaceharide substrates, while the affinity of the macrophage enzyme 
is markedly lower for the polysaccharide.  Preliminary evidence seems to indi- 
cate that the affinity between the macrophage enzyme and the polysaccharide 
varies indirectly with the size of the substrate, suggesting  that steric hindrance 
is a factor. Studies by Heymaun et al. (27) show that disaccharides  of rhamnose- 
N-acetylglucosamine obtained by chemical  degradation  of the  streptococcal 
polysaccharide  are  more  readily  susceptible  than  the  parent  substance  to 
hydrolysis  by  pig  epididymis  N-acetyl-~-glucosaminidase.  Studies  in  our 
laboratory confirm this finding for the macrophage enzyme, indicating that the 848  INTRAPIIAGOCYTIC ~-N-ACETYLGLUCOSAMINIDASE 
rhamnosyl-fl-N-acetylglucosaminlde bond  is  almost  as  susceptible  as  the p- 
nitrophenyl-~-N-acetylglucosaminide bond to hydrolysis by  the  macrophage 
enzyme. The Sephadex and ammonium sulfate fractionation data suggest that 
the phagocytic enzymes have a considerably larger molecular size than the soil 
bacillus enzyme, but it is not clear whether this contributes to the difference in 
substrate specificity and steric hindrance. 
The fact that degradation of the Group A  streptococcal polysaccharide can 
be demonstrated only with extremely large amounts of the macrophage enzyme 
suggests the possible occurrence of a  second enzyme in low concentrations in 
these cell preparations.  Preliminary attempts to demonstrate a minor active 
component by fractionation on a G-200 Sephadex column did not support this 
possibility. 
The observations on the relative inactivity of the mammalian fl-N-acetyl- 
glucosaminidases on macromolecular substrates raised the question of whether 
these enzymes serve a biological function in vivo. Morphological studies per- 
formed in our laboratory show that although gross intraphagocyfic digestion 
of the streptococcal cell occurs within 2 hr after its ingestion by the polymorpho- 
nuclear leukocyte, the loss  of the serological  reactivity of the phagocytized 
streptococci with the Group A antiserum occurs over a longer period of time 
(1). It is known that injection of Group A cells or cell walls into rabbits results 
in the production of A-variant as well as Group A antibodies, suggesting that 
further degradation of the Group A  polysaccharide to the A-variant antigen 
may occur in vivo. The requirement for very high enzyme amounts to effect 
degradation in vitro could be an artifact referable to the environmental con- 
difions and might not necessarily reflect the process occurring in vivo. Further- 
more, the possible presence within phagocytic cells of traces of an isozyme which 
possesses  the same hydrolytic potency on the polysaccharide substrate as the 
soil bacillus enzyme, has not been completely ruled out.  From the data ob- 
tained in this study, 100 units of the soil bacillus enzyme as compared to 5 X 
10  e units of macrophage enzyme are required to degrade 1 mg of the polysac- 
charide over a period of 24 hr. This would suggest that if such an isozyme is 
present in macrophages, its activity would account for approximately 1/50,000 
of the total enzyme activity assayed by the p-nitrophenyl substrate technique. 
In any event, assuming that an average of two streptococcal chains are phago- 
cytized by one phagocyte, a calculation of the amount of polysaccharide present 
in two chains of Group A streptococci would show that  the enzyme available 
within a single macrophage provides a ratio of approximately 5 X  106 units/mg 
of polysaccharide, the ratio found in our in vitro study to be adequate in effect- 
ing a complete degradation of the antigen. While this ratio is not attainable in 
the polymorphonuclear leukocyte, it is conceivable that the role of this cell 
might be  directed more towards  the solubilization of the whole cell and its 
constituents than the  specific  degradation of  this  antigen, with  cells  of  the ELlA M. AYOUB  AND  MACLYN  ~cCARTY  849 
reticuloendothelial system,  such  as  the  lung macrophage,  playing  the  more 
important role in the latter reaction. The possibility that degradation of the 
polysaccharide does occur within cells such as the polymorphonuclear leukocyte 
has not been ruled out. The degradation could be the outcome of the synergistic 
action of several intracelluiar enzymes, a possibility suggested by the findings 
of Roston et al. (28) who reported that purification of ram testes/~-N-acetyl- 
glucosaminidase results in loss of its activity on ovomucoid and that restoration 
of this activity is achieved by addition of one or several of the intracellular 
enzymes with which the enzyme was  originally associated. 
SUMMARY 
The /~-N-acetylglucosaminidases of rabbit  and  human  polymorphonuclear 
leukocytes and of rabbit alveolar macrophages have been studied in comparison 
with  the  /$-N-acetylglucosaminidase derived from  a  soil bacillus  which  had 
previously been shown to hydrolyze the group-specific polysaccharide of Group 
A  streptococci. The phagocytic enzymes are lysosome associated and have an 
acid pI-I  optimum.  In contrast,  the soil  bacillus  enzyme is  an  extracellular 
product, has a higher pH optimum, and is probaby of smaller molecular size. 
When tested on p-nitrophenyl-/3-N-acetylglucosaminide as substrate, the K, 
of the phagocytic enzymes is slightly higher than that of the soil bacillus. How- 
ever, there were extreme differences in their effect on the Group A streptococcal 
polysaccharide. Thus, 5  X  106 units of the alveolar macrophage enzyme were 
required to hydrolyze the available N-acetylglucosamine of  1 mg of polysac- 
charide in 18 hr, while 100 units of the soil bacillus enzyme were sufficient to 
achieve this hydrolysis. In both cases, the serological reactivity of the polysac- 
charide is  altered with loss of Group A  specificity and acquisition of a new 
specificity characteristic of  A-variant  streptococci. Possible  explanations  for 
differences in the activity of the enzymes are considered, and the  role of the 
phagocytic enzymes in intracellular degradation of Group A streptococci is dis- 
cussed. 
The authors would like to acknowledge the technical assistance of Sally O. Bruch, Carol 
Dahl, and Barbara Riviere. 
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